The tetrapyrrole biosynthetic pathway provides the vital cofactors and pigments for photoautotrophic growth (chlorophyll), several essential redox reactions in electron transport chains (haem), N-and S-assimilation (sirohaem), and photomorphogenic processes (phytochromobilin). While the biochemistry of the pathway is well understood and almost all genes encoding enzymes of tetrapyrrole biosynthesis have been identified in plants, the post-translational control and organization of the pathway remains to be clarified. Post-translational mechanisms controlling metabolic activities are of particular interest since tetrapyrrole biosynthesis needs adaptation to environmental challenges. This review surveys post-translational mechanisms that have been reported to modulate metabolic activities and organization of the tetrapyrrole biosynthesis pathway.
Introduction
Tetrapyrroles are probably one of the most ancient prosthetic groups in all organisms and exhibit a wide range of chemical properties such as light absorption, electron transfer, and oxygen binding. They are found in all kingdoms of life and are essential components of fundamental biological processes such as photosynthesis and respiration. The demand for products of the plant tetrapyrrole biosynthetic pathway, i.e. chlorophyll (Chl), haem, sirohaem, and phytochromobilin, depends on developmental and environmental cues as well as on tissue-specific needs. This is illustrated by different ratios of synthesized amounts of Chl and haem: while Chl synthesis is restricted to photosynthesizing tissues and in angiosperms strictly light-dependent, haem is needed in the whole plant under all environmental conditions as it is an ubiquitous co-factor of many enzymes, such as cytochromes, peroxidases, and catalases. Apart from the allocation of the correct quantities of intermediates into the Chl and the haem-synthesizing branch, metabolic control has to avoid accumulation of intermediates because of their photochemical properties which can lead to generation of free radicals and reactive oxygen species that cause severe photo-oxidative damage and cell death.
It is generally accepted that the control of tetrapyrrole metabolism is exerted at the transcriptional and posttranslational levels, particularly for the formation of 5-aminolevulinic acid (ALA) as well as the branch point of the pathway towards Chl and haem (Papenbrock and Grimm, 2001; Tanaka and Tanaka, 2007; Masuda and Fujita, 2008; . The enzymic steps of tetrapyrrole biosynthesis in plants have been almost entirely elucidated and the reaction mechanisms and the genes encoding the catalytic proteins of the pathway have been thoroughly described. Transcriptional controls of genes involved in tetrapyrrole biosynthesis have been intensively examined under various growth conditions Mochizuki et al., 2010) .
Post-translational control and organization of the pathway have only recently attracted more attention. But it is expected that enzymes of this pathway are substantially controlled by multiple post-translational modifications leading to a fine-tuned metabolism in adaptation to environmental conditions and in response to developmental control. This review summarizes recent findings on post-translational regulatory mechanisms and localization of tetrapyrrole biosynthesis in chloroplasts.
The metabolic pathway of tetrapyrrole biosynthesis
The entire tetrapyrrole biosynthetic pathway is depicted in Fig. 1 . As reasonably required, the pathway is grouped in several sections emphasizing the distinct regulation at different levels of tetrapyrrole metabolism. In plants, mosses, algae, and most bacteria, ALA, the precursor of all biochemically formed tetrapyrroles, is synthesized by three enzymic steps. In the second part of the tetrapyrrole biosynthetic pathway, two molecules of ALA are condensed to porphobilinogen. Four molecules are subsequently fused to the linear tetrapyrrole hydroxymethylbilane, which is circularized to uroporphyrinogen III and subsequently oxidized and decarboxylated at the side chains to form protoporphyrin IX (Proto), the common precursor of haem and Chl (Mochizuki et al., 2010) . A small portion of uroporphyrinogen III, methylated uroporphyrinogen III, can also be directed into the pathway of sirohaem, haem d, or vitamin B 12 biosynthesis (Tripathy et al., 2010) . These different side branches evolved independently in different organisms. Plants require sirohaem as Fig. 1 . Biochemical pathway of plant tetrapyrrole biosynthesis. The universal precursor of all tetrapyrroles, 5-aminolevulinic acid (ALA), is synthesized from glutamate. ALA is further processed to protoporphyrin IX before the pathway branches into haem and chlorophyll biosynthesis. The ratio of chlorophyll a and b is balanced in the chlorophyll cycle. See text for a detailed description of the pathway. ALAD, ALA dehydratase: CAO, Chl a oxygenase; CBR, Chl b reductase; Chl, chlorophyll; Copro III, coproporphyrinogen III; DVR, divinyl protochlorophyllide reductase; FeCh, Fe chelatase; GluRS, glutamyl-tRNA synthetase; GluTR, glutamyl-tRNA reductase; GSAT, glutamate-1-semialdehyde aminotransferase; HB, hydroxymethylbilane; HCAR, 7-hydroxymethyl chlorophyll a reductase; MME, monomethylester; MTF, Mg protoporphyrin IX methyltransferase; POR, light-dependent NADPH-protochlorophyllide oxidoreductase; PPOX, protoporphyrinogen IX oxidase; Uro III, uroporphyrinogen III. essential cofactor of nitrite and sulfite reductases in the N and the S assimilation pathways, respectively.
Fe chelatase catalyses insertion of Fe 2+ into the Proto macrocycle and the resulting protohaem is further processed to different derivatives in bacteria and plants. Haem oxygenase linearizes protohaem to biliverdin IXa, which is proportionately converted to phytochromobilin in plants and to different phycobilines in cyanobacteria and red algae, where phycobilines are the light-harvesting pigments associated with phycobilisomes.
In photosynthetic eukaryotes and cyanobacteria, Mg chelatase directs Proto into the branch of Chl biosynthesis. The multi-tiered regulation of the expression of its three subunits, CHLI, CHLD and CHLH, their complex multimeric assembly, and the catalytic reaction of Mg chelatase have already been subject of several reviews (Beale, 1999; Vavilin and Vermaas, 2002; Willows, 2003; Eckhardt et al., 2004; Bollivar, 2006; Tanaka, 2006, 2007; Masuda and Fujita, 2008) . In the Chl branch, further processing of Mg porphyrins regards the formation of a fifth ring at the pyrrole ring C, prior to further reduction converting the porphyrin into a chlorin ring structure. A determining regulatory step is the reduction of the double bond between C17 and C18 positioned in the pyrrole ring D, converting protochlorophyllide (Pchlide) to chlorophyllide a. Two structurally unrelated protein complexes of protochlorophyllide oxidoreductase (POR) catalyse this reaction. A light-independent POR, found in all Chl-containing organisms except angiosperms, consists of three subunits (CHLN, CHLB, CHLL) and is structurally related to nitrogenases (Fujita and Bauer, 2003) . In contrast, light-and NADPH-dependent POR reduces Pchlide in angiosperms (Heyes and Hunter, 2005) . Chlorophyllide a is directed into the Chl cycle enabling Chl b synthesis. Reconversion of Chl b into Chl a is required in adaptation to varying light intensities as well as for the transfer of Chl into the catabolic degradation pathway (Tanaka and Tanaka, 2011) .
Localization of the tetrapyrrole biosynthetic pathway
Synthesis of tetrapyrrole end products takes place where they are needed most. The plant tetrapyrrole biosynthetic pathway is predominantly located in plastids Masuda and Fujita, 2008; Mochizuki et al., 2010) . Glutamyl-tRNA reductase (GluTR), glutamate 1-semialdehyde aminotransferase (GSAT), and enzymes up to coproporphyrinogen oxidase have been found in stromal fractions. The oxidation of protoporphyrinogen IX (Protogen) by protoporphyrinogen IX oxidase (PPOX) is unequivocally the first enzymic step that takes place at the chloroplast membrane (Matringe et al., 1992; Watanabe et al., 2001) . Continuing with the two metal chelation reactions of Proto, the pathway is divided for the formation of Chl and haem. Single enzymes of the late steps of haem and Chl synthesis were reported to be localized in the stroma and at thylakoids and envelope membranes (Watanabe et al., 2001; Rolland et al., 2003; Tanaka and Tanaka, 2007; Joyard et al., 2009 ). In addition, Mg chelatase subunits have been identified in membrane and stroma fractions: CHLI in the stroma, CHLD in the thylakoids, and CHLH in the stroma and envelope membranes, indicating an elaborate organization of Mg chelatase complex formation (Joyard et al., 2009) .
Moreover, two isoforms of PPOX and Fe chelatase exist in plants. PPOX I is predominantly located at the stroma site of the thylakoids, whereas PPOX II is localized in chloroplasts as well as in mitochondria (Matringe et al., 1992; Lermontova et al., 1997; Che et al., 2000; Watanabe et al., 2001) . In vitro chloroplast and mitochondria import experiments using isolated pea organelles revealed that Arabidopsis and cucumber Fe chelatase II are solely imported in chloroplasts, while Fe chelatase I precursor protein is translocated into both, chloroplasts and mitochondria (Chow et al., 1997 (Chow et al., , 1998 Suzuki et al., 2002) . Fe chelatase activity was detected in both, chloroplasts and mitochondria (Cornah et al., 2002 ). An immunological approach facilitated the detection of Fe chelatases in chloroplasts only (Masuda et al., 2003) . Lister et al. (2001) presented in vitro import experiments using isolated chloroplasts and mitochondria from Arabidopsis and demonstrated translocation of the two Arabidopsis Fe chelatases into chloroplasts only. Green fluorescent protein (GFP)-fused Fe chelatases from cucumber have been found exclusively localized in chloroplasts (Masuda et al., 2003) . In contrast to higher plants, a single gene encoding Fe chelatase was found in Chlamydomonas, leading to the suggestion that it is solely located in plastids (van Lis et al., 2005) .
However, if parts of the biosynthetic pathway are located in plant mitochondria to ensure that haem synthesis is uncoupled from regulatory mechanisms in chloroplasts, metabolites at the level of Protogen are transferred into mitochondria. Potential porphyrin transporters into mitochondria have been proposed to be translocator proteins (Lindemann et al., 2004; Frank et al., 2007) or ABC transporters (Jonker et al., 2002; Krishnamurthy et al., 2006) .
Recognition of tRNA
Glu by glutamyl-tRNA synthetase Plastid glutamyl-tRNA Glu serves in organellar protein biosynthesis and in tetrapyrrole biosynthesis as activated substrate. Glutamyl-tRNA synthethase (GluRS) acylates tRNA Glu with L-glutamate (Freist et al., 1997) , and the resulting energy-rich amino acid ester either binds to the elongation factor Tu to serve in protein biosynthesis (LaRiviere et al., 2001) or is introduced into ALA formation. The control of this enzymic step has not been addressed in plants, but insights into regulatory mechanisms can be derived from analysis of bacterial GluRS. Interestingly, in Acidithiobacillus ferrooxidans, two isoenzymes of GluRS1 and GluRS2 can accept three different tRNA Glu isoforms as substrate. At least one tRNA Glu isoform is not recognized by GluTR (Levican et al., 2005 (Levican et al., , 2007 . This tRNA Glu would ensure continuous protein biosynthesis even under high demands of tetrapyrrole endproducts. Moreover, in the unicellular flagellate Euglena gracilis, point mutations of GluRS changed tRNA Glu accessibility for protein and tetrapyrrole biosynthesis (Stange-Thomann et al., 1994) . The plastid-encoded tRNA Glu from barley contains many modified nucleotides. Gel purification revealed three tRNA Glu species. Apparently, two of the three isoforms cannot serve as substrate for GluTR (Schon et al., 1986) .
While the dual function of plastid glutamyl-tRNA Glu likely necessitates regulation of tRNA Glu allocation into protein or ALA synthesis, the mode of action still awaits elucidation. Specific recognition of Escherichia coli tRNA Glu by GluRS requires post-transcriptional modifications of the anticodon base sequence and the acceptor stem as well as the D-loop (Tateno et al., 1995; Sekine et al., 1996) . It could be demonstrated that some nucleotide bases of tRNA Glu form a specific tertiary core structure that is perceived by GluTR (Stange- Thomann et al., 1994; Willows et al., 1995; Randau et al., 2004) .
Feedforward and feedback control mechanisms
Feedforward and feedback control mechanisms are known to regulate several metabolic and signalling pathways in plants (Paul and Pellny, 2003; Foo et al., 2007) . They also facilitate adjustment between early and late steps of tetrapyrrole biosynthesis to ensure the balanced metabolic flux in the pathway by post-translational modification of participating enzymes and plastid-derived signals controlling nuclear genes (Mochizuki et al., 2001; Beck and Grimm, 2006; Nott et al., 2006) . For example, transgenic plants with inducible silencing of the GluTR encoding HEMA1 gene show reduced activities of both Mg and Fe chelatases (Hedtke et al., 2007) . Transgenic tobacco plants with silenced genes for early steps of Mg porphyrin synthesis are characterized by transcriptional changes of genes involved in ALA synthesis (Papenbrock et al., 2000a, b; Alawady and Grimm, 2005) .
Formation of ALA is supposed to be the key step regulating the influx of metabolites into the tetrapyrrole biosynthetic pathway. Beside the control of enzyme abundance at the level of gene expression, post-translational control of enzyme activities plays a decisive role for regulation of ALA synthesis. Several regulatory mechanisms are proposed to explain the post-translational feedback and feedforward control of ALA-synthesis. Two post-translational feedback mechanisms have been reported by numerous research groups (Fig. 2) .
Inhibition of ALA synthesis by haem
Feedback inhibition of ALA formation by haem was first reported in organisms using the Shemin pathway with ALA-synthase, but was also proposed for the C5-pathway (Terry and Kendrick, 1999; Srivastava et al., 2005) . For example, E. coli strains expressing recombinant haembinding proteins show an increase in ALA synthesis by a factor of 20 (Schobert and Jahn, 2002) . In plants, a regulatory haem feedback mechanism is proposed (Beale, 1999) , but the mode of action is still not clear. This has provoked a lively debate as to whether measurements of total haem levels or detection of the hypothesized regulatory haem pool are required to substantiate the involvement of haem in feedback control of plant ALA biosynthesis (Thomas and Weinstein, 1990; Cornah et al., 2003; Mochizuki et al., 2010) .
Inhibition of ALA synthesis in stromal preparations of barley by haem supply offered a proof of concept for this controversy (Gough and Kannangara, 1979) . Results were verified using cell extracts from Chlorella (Weinstein and Beale, 1985) and intact chloroplasts from cucumber (Castelfranco and Zheng, 1991) . Later, it was demonstrated that haem directly inhibits GluTR activity (Pontoppidan and Kannangara, 1994) . Vothknecht et al. (1998) identified a 30-amino-acid-long N-terminal extension of barley GluTR as essential for the inhibition of enzyme activity by haem. However, this plant-specific N-terminal extension is not found in bacterial GluTR. It is assumed that haem feedback regulation on ALA synthesis always requires additional (proteinogen) factors in E. coli and Chlamydomonas reinhardtii (Javor and Febre, 1992; Srivastava et al., 2005) . Taking advantage from research with Salmonella typhimurium, it was demonstrated that ALA synthesis is controlled by haem-induced proteolytic degradation of GluTR by Lon and ClpAP proteases (Wang et al., 1999a, b) . How haem directly acts on repression of ALA synthesizing enzymes awaits further elucidation.
Explanation of a physiological role of a haem-mediated post-translational control of GluTR activity in photosynthetic tissue has to consider that most ALA molecules are used in Chl biosynthesis rather than in haem synthesis. A concept of haem-induced proteolytic GluTR degradation in plants is not consistent with stable GluTR abundance when ALA formation is inhibited after transfer of leaves to darkness (Richter et al., 2010) . An experimental proof of haem-mediated feedback control of ALA synthesis would require application of physiological concentrations of haem.
It is speculated that additional feedback cues posttranslationally control ALA synthesis and that ALA synthesis is differentially controlled towards either haem or Chl synthesis. It will be challenging to verify these hypotheses, since requirements for haem and Chl biosynthesis change frequently in response to environmental and developmental demands.
FLU: a negative regulator of ALA synthesis
It was shown that green barley leaves stop ALA formation within minutes after a shift from light to darkness (Richter et al., 2010) . Since protein contents of related enzymes were not altered under these conditions and ALA synthesis recovers almost immediately upon re-illumination of the leaves, activity of ALA-forming enzymes would necessarily be post-translationally controlled.
Barley tigrina mutants are not able to adequately reduce ALA formation in darkness (Nielsen, 1974; von Wettstein et al., 1974; Hansson et al., 1997) . As a result of the light-dependent conversion of Pchlide to chlorophyllide by POR, these mutants accumulate 2-15 times more Pchlide in etiolated leaves compared to wild type. Pchlide acts as a potent photosensitizer and leads to cell death. Growing these mutants in light/dark cycles causes necrosis of darkgrown leaf segments upon illumination, resulting in a green and yellow-striped phenotype of leaves (Gough and Kannangara, 1979) . A post-translational mechanism has been proposed that inhibits ALA synthesis in wild type in darkness (Kannangara et al., 1988) . The Arabidopsis flu mutant turned out to be a homologous mutant of tigrina-d 12 (Lee et al., 2003) . In darkness, the rate of ALA synthesis of flu is enhanced 3-4-fold compared to wild type, resulting in a 10-fold higher Pchlide accumulation (Meskauskiene et al., 2001) . The intrinsic membrane protein FLU directly interacts with the AtHEMA1-encoded GluTR, but not with the AtHEMA2-encoded isoform (Meskauskiene and Apel, 2002) .
A proposed mode of FLU action in green tissues implicates that FLU binds stroma-located GluTR to the thylakoid membrane to inhibit ALA synthesis by a feedback mechanism derived from the Mg branch of tetrapyrrole biosynthesis (Gough et al., 2003) . The Pchlide reduction step has often been discussed as a mediator of feedback inhibition of ALA synthesis or GluTR activity (Grimm, 2003; Beale, 2006; Tanaka and Tanaka, 2007) because there is a strong inverse correlation between Pchlide accumulation and ALA formation in etiolated seedlings as well as in dark periods of green plants (Fluhr et al., 1975; Gough, 1978; Ford and Kasemir, 1980; AmeenBukhari, 1984, 1986; Huang and Castelfranco, 1989) . More recently, it was demonstrated that similar to the tigrina-d 12 phenotype ALA synthesis continues in dark-incubated barley leaves when PPOX is inhibited by the herbicide acifluorfen to circumvent Pchlide accumulation (Richter et al., 2010) . However, physical interactions of Pchlide or POR with the feedback-inhibited GluTR-FLU complex has not yet been demonstrated.
One question remains: what kind of physiological role do both mechanisms, haem-and FLU-mediated posttranslational regulation of ALA synthesis, play in plants? Goslings et al. (2004) isolated the ulf3 mutant as result of a second site mutation in the flu background that stopped accumulation of Pchlide in darkness. Ulf3 is allelic to hy1 and codes for the haem oxygenase HO1. The compensatory mutation can be explained either by accumulation of free haem as a result of interrupted haem degradation or by deficiency of phytochromobilin and phytochrome signalling on transcriptional control of genes involved in tetrapyrrole biosynthesis. Independently of hy1/ulf3 action, it is currently reasonable to suggest that ALA synthesis is feedback controlled in parallel by signals from both the haem-and the Chl-synthesizing branches of tetrapyrrole biosynthesis.
A novel concept of spatial organization of ALA formation
A model of parallel post-translational control of ALA formation by haem and the activities of the Mg branch is favoured, since both mechanisms would independently contribute to pathway control. Huang and Castelfranco (1990) developed an idea that two different ALA pools exist in chloroplasts, one to direct metabolites into the Chl branch and the other into the haem branch of the pathway. This hypothesis is supported by the recent identification of a novel GluTR-binding protein, which is supposed to form a thylakoid-associated anchor for a minor portion of GluTR to direct ALA into haem formation independently of ALA synthesis for Chl biosynthesis (Czarnecki et al., 2011) . Following this concept of organized ALA synthesis, the majority of GluTR activity involved in Chl biosynthesis can be post-translationally regulated by FLU and haem acts as an additional feedback regulator on the fraction of GluTR that is closely attached to the thylakoid membrane (Fig. 2) .
Explorations of specific localization of enzymes and spatial organization of biochemical pathways will be prominent in future when examining post-translational regulatory mechanisms (Fig. 2) . The model of two different locations of ALA synthesis can explain the significance of different regulatory mechanisms on the entire pathway including localization of proteins of tetrapyrrole biosynthesis within the chloroplast (Joyard et al., 2009) . The bulk of ALA synthesis and the successive enzymic steps from ALA to Protogen are located in the stroma of the chloroplasts, while a subfraction of proteins for ALA synthesis is localized in a membrane subcompartment.
The concept of metabolic channelling within tetrapyrrole biosynthesis

First approaches to define protein-protein interactions
It was in 1971 when Shlyk first developed the concept of centres for Chl biosynthesis within chloroplasts. These centres should contain all enzymes of Chl biosynthesis to facilitate smooth flow of metabolites (Shlyk, 1971) . Although this is an attractive hypothesis, no experimental proof of multiple protein complexes could be provided until recently. Considering the high concentration of proteins in living cells, examination of the organization that promotes associations in subcompartmental protein complexes to enhance efficiency and flexibility of metabolic complexes was the next logical step (Lunn, 2007) . Several pairwise protein-protein interactions and smaller complexes of enzymes catalysing one or successive reactions of tetrapyrrole metabolism are described using different approaches of chromatography or fluorescence spectroscopy.
An ALA synthesis complex was indicated when physical interaction between GluTR and GSAT was shown by co-immune precipitation of recombinant proteins from Chlamydomonas and E. coli (Luer et al., 2005) . Elucidation of crystal structures of GluTR and GSAT encouraged to design a model of an ALA-forming protein complex (Hennig et al., 1994 (Hennig et al., , 1997 Moser et al., 2001; Schubert et al., 2002; Frankenberg et al., 2003; Schulze et al., 2006) . Dimeric GluTR of Methanopyrus kandleri forms a V-shaped structure providing a slot that can be filled without any steric conflicts with both E. coli tRNA Glu and a GSAT dimer from Synechococcus. Since in this ternary complex the active centres of GluTR and GSAT face each other, the channelling of the instable GluTR product, glutamate-1-semialdehyde, is assured to avoid its release into the environment.
Starting from crystal structures of tobacco PPOX II and human Fe chelatase, Koch et al. (2004) postulated a protein complex to channel Proto to Fe chelatase and to avoid photooxidative cell damage by detached Proto. If this holds true for substrate channelling into the iron branch, this structural support is also demanding for the substrate delivery into the Mg branch. It is challenging to explore a possible interaction of PPOX with the Mg chelatase complex. If deficiency of LAF6 (an ABC transporter) leads to accumulation of Proto, a mediating function of LAF6 for this critical step in Chl synthesis is speculative, but cannot be excluded (Moller et al., 2001) .
Another protein complex consisting of Mg chelatase and Mg protoporphyrin IX (MgProto) methyltransferase was postulated (Hinchigeri et al., 1997) and evidence of proteinprotein interaction was provided (Alawady et al., 2005) . Moreover, it was shown that CHLH of Mg chelatase supports the biochemical reaction of MgProto methyltransferase most likely by direct substrate channelling (Shepherd et al., 2005; Johnson and Schmidt-Dannert, 2008 ).
Mg chelatase assembling
The ATP-dependent catalytic mechanism of the heterotrimeric Mg chelatase complex includes at least two steps (Walker and Willows, 1997; Masuda, 2008) : an activation step, followed by the Mg 2+ insertion (Walker and Weinstein, 1994) . First, ATP activates the formation of a doubled hexameric ring structure of CHLI and CHLD subunits (Willows et al., 1996; Gibson et al., 1999; Lundqvist et al., 2010) before further ATP hydrolysis by CHLI drives the chelation of Proto bound to CHLH Reid and Hunter, 2004) . Plastid ATP levels were found to be crucial for post-translational regulation of Mg chelatase assembly and maintenance of the catalytic activity (Reinhold et al., 2007) . The concentration of free Mg 2+ in the stroma is another important effector of Mg chelatase activity and likely controlled by photosynthetic electron transport (Ishijima et al., 2003) . In vitro studies with recombinant subunits of Rhodobacter (Gibson et al., 1995; Petersen et al., 1998; Willows and Beale, 1998) and the cyanobacterium Synechocystis PCC6803 (Jensen et al., 1996) have shown that the molar ratio of the three Mg chelatase subunits is another important determinant of the in vitro enzyme activity. Recently, GUN4 has been identified as an activator of Mg chelatase, which interacts with CHLH (Larkin et al., 2003; Wilde et al., 2004; Peter and Grimm, 2009; Adhikari et al., 2011) .
Regulation by GUN4, a post-translational regulator of Chl biosynthesis GUN4 was identified in a screen searching for mutants with impaired exchange of information between the chloroplast and the nucleus (retrograde signalling) (Susek et al., 1993) . It soon became obvious that the function of GUN4 is not restricted to plastid-derived signalling processes. Seemingly, GUN4 functions primarily as a component of the Mg branch of tetrapyrrole biosynthesis. Cyanobacterial and plant GUN4 directly interacts with the CHLH subunit of Mg chelatase and binds Proto and MgProto, the substrate and the reaction product of the chelatase (Larkin et al., 2003; Wilde et al., 2004; Sobotka et al., 2008; Adhikari et al., 2009; Peter and Grimm, 2009; Adhikari et al., 2011) . Although GUN4 is not an essential component of the Mg chelatase complex, the presence of GUN4 markedly improves the enzyme activity in vitro by increasing the apparent substrate-binding capacity of CHLH for Proto, particularly under low Mg 2+ concentrations (Larkin et al., 2003; Davison et al., 2005; Verdecia et al., 2005) . Furthermore, based on these observations GUN4 was suggested to contribute to substrate channelling into the Chl synthesizing branch of tetrapyrrole biosynthesis, enzyme activation of Mg chelatase, and photoprotection under increasing light intensities (Adhikari et al., 2009; Peter and Grimm, 2009) .
Light-grown gun4 mutants exhibit no altered transcript contents of tetrapyrrole biosynthesis and photosynthesis genes (with the exception of PORA) and only reduced contents of MgProto methyltransferase, MgProto monomethyl ester cyclase, and PORA. Since gun4 does not significantly accumulate Proto or Mg porphyrins, it was proposed that GUN4 exerts also an influence on the activation of ALA synthesis (Peter and Grimm, 2009 ). Gun4 knockout mutants fail to accumulate Chl under photoperiodic growth, but their growth in continuous dim light results in a significant increase in Chl levels, which is enhanced upon additional supply of exogenous ALA. Moreover, attenuated production of reactive oxygen species in plants can be assigned to GUN4 and is explained by a scavenging function of excessive Proto and MgProto enabling fine-tuning of Chl synthesis during different environmental conditions (Adhikari et al., 2011) . The role of GUN4 is connected to its binding to CHLH leading to a tight association at plastid membranes (Adhikari et al., 2011) . These functions turn GUN4 into an essential part of a post-translational feedback regulation mechanism (Fig. 2) acting on ALA synthesis in response to enzymic activities of the Mg branch of tetrapyrrole biosynthesis as well as to accumulating Mg porphyrins (Peter and Grimm, 2009; Peter et al., 2010) .
LIL3 and last steps of Chl formation
Among the light-harvesting Chl-binding protein-like proteins (LIL), LIL3 was identified in a screen for mutants with modified Chl contents . The lil3 mutants accumulate geranylgeranylated Chl and contained lower amounts of geranylgeranyl reductase (CHLP). It was shown that the two Arabidopsis LIL3 isoforms interact physically with CHLP. Since LIL3 is a member of a protein complex that is formed during de-etiolation and carries late metabolites of Chl biosynthesis (Reisinger et al., 2008) , it was suggested that LIL3, CHLP, and perhaps other late enzymes of Chl biosynthesis belong to a protein complex involved in the final steps of Chl biosynthesis close to the sites of Chl assembly and photosynthetic pigment-binding proteins. This complex might contribute to efficient channelling of the photoreactive Chl and its precursors to prevent photodynamic damage. Future work should focus on identifying additional enzymes of the tetrapyrrole pathway that directly interact with LIL3 and assemble, most likely transiently, in the identified protein complex.
Redox control and thioredoxin
Plastid-located redox regulation is an important mechanism to translate photosynthetic activity into functional changes of enzyme activities (Buchanan and Balmer, 2005) . It is expected that the photosynthetic redox state exerts regulation on the Chl branch of plant tetrapyrrole biosynthesis. Interactions between thioredoxin (TRX) and CHLI, GSAT, and uroporphyrinogen III decarboxylase were first predicted by Balmer et al. (2003) . Mg chelatase is likely a prominent target of redox control. It was shown that Mg chelatase activity of Synechocystis and Arabidopsis as well as ATPase activity of its subunit CHLI are stimulated by DTT in vitro (Jensen et al., 2000; Sirijovski et al., 2006; Ikegami et al., 2007) . Moreover, Mg chelatase activity is sensitive to the thiol group binding of the sulfhydryl reagent N-ethylmaleimide (Walker and Weinstein, 1991) and the ATPase activity of CHLI can be inhibited by thiol modulation (Kobayashi et al., 2008) . It was shown that the Arabidopsis thioredoxin isoform TRXf reduces CHLI and recovers its ATPase activity after oxidative inactivation indicating a redox-dependent modulation of the sulfhydryl group of cysteine residues of the Mg chelatase subunit (Ikegami et al., 2007) .
In addition, the plastid-localized NADPH-dependent thioredoxin reductase isoform C (NTRC; with a C-terminal TRX domain), which was shown to contribute to reduction of hydrogen peroxide via donation of two electrons on 2-Cys-peroxiredoxin, was proposed to stimulate MgProto monomethyl ester cyclase. The enhanced cyclase activity in vitro was explained by the hydrogen peroxide scavenging activity of NTRC and 2-Cys-peroxiredoxin protecting the aerobic enzymic step of Pchlide formation (Stenbaek et al., 2008) . These important investigations indicate that TRX and NTRC are involved in redox dependent regulation of different steps of Chl biosynthesis (Stenbaek and Jensen, 2010; Wulff et al., 2011) . In this context it is worth mentioning that re-examination of the Arabidopsis ntrc mutant revealed that NTRC also directly affects stability of MgProto methyltransferase and GluTR (A Richter, E Peter, and B Grimm, unpublished data).
Chlorophyll a oxygenase and proteolytic degradation A balanced synthesis of Chl a and Chl b is essential for adaptation of plants to different light quantities since Chl b contents typically increase under low light conditions. In an exciting series of experiments, the group of Ayumi Tanaka demonstrated that the structure of chlorophyll a oxidase (CAO) determines its protein stability and Chl b exerts a product-dependent inhibition of CAO Yamasato et al., 2005; Hirashima et al., 2006; Sakuraba et al., 2007) . CAO was dissected in three functional domains, which are assigned to the catalytic function (C-domain), a linker function (B-domain), or the control of protein stability (A-domain). The A-domain is only present in CAO of photosynthetic eukaryotes (Nagata et al., 2004) . The Chl b content was increased upon overexpression of CAO in transgenic Arabidopsis plants and was more drastically enhanced when a truncated CAO without the A-domain was expressed. Heterologously expressed A-domain fused to GFP in the Arabidopsis wildtype background resulted in a very low A-domain-GFP content. In contrast, large amounts of this fusion protein accumulated when it is expressed in the Chl b-less chlorina1-1 mutant. In turn, expression of a full-length CAO-GFP fusion in chlorina1-1 resulted in restored Chl b synthesis, but the fusion protein remained immunologically undetectable (Yamasato et al., 2005) . It is conclusive that the A-domain negatively affects the stability of CAO in response to the actual Chl b level. The complex cause for this regulatory mechanism is underlined by the fact that the A-domain amino acid sequence QDLLTIMILH confers its own proteolytic degradation by a Clp protease in presence of Chl b (Nakagawara et al., 2007; Sakuraba et al., 2007 Sakuraba et al., , 2009 . The data presented are a first successful case of regulated protein degradation in tetrapyrrole biosynthesis.
Conclusion
For a description of the post-translational regulation and assembly of Chl and Chl-binding proteins, the authors recommend a recent review by Tanaka and Tanaka (2011) . However, control of the metabolic pathway of tetrapyrrole biosynthesis is executed at different levels of expression of enzymes and different effectors. Transcriptional control is essential for long-term induced and programmed alteration of tetrapyrrole biosynthesis. In contrast, post-translational regulatory mechanisms and metabolic organization facilitate a rapid response to varying environmental conditions that accurately balance the enzyme activities and the flow of metabolites. Understanding the subcellular localization and the structural and regulatory framework of the pathway should ultimately elucidate how the metabolic pathway works and how the pathway and its metabolites affect chloroplast development, cellular activities, and the vitality of the entire organism.
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